A modelling study on the anaerobic digestion process of a synthetic medium-20 strength wastewater containing molasses as a carbon source was carried out at different 21 influent conditions. The digestion was conducted in a laboratory-scale hybrid anaerobic 22 
little loss of microorganisms from the bioreactor [1, 2] . The technological challenge to 48 improve anaerobic digestion lies in enhancing bacterial activity together with good 49 mixing to ensure adequate contact between the cells and their substrate [3, 4] . 50
The anaerobic baffled reactor (ABR) consists of a cascade of baffled 51 compartments where the wastewater flows upward through a bed of anaerobic sludge 52 after being transported to the bottom of the compartment. The ABR does not require the 53 sludge to granulate in order to perform effectively, although granulation can occur over 54 time [5, 6] . Experiments with lab-scale reactors have shown that the ABR is very stable 55 under shock loads due to its compartmentalised structure [6, 7, 8] . In addition, the ABR 56 has many potential advantages, i.e. no requirement of biomass with unusual settling 57 properties and low capital and operating costs coupled with mechanical simplicity [6] . 58
In the present study, a hybrid anaerobic baffled (HABR) reactor or multistage 59 biofilm reactor with three compartments was used. This reactor configuration can be 60 considered as a combination of the anaerobic baffled reactor (ABR) and upflow 61 anaerobic fixed bed (UAFB) system which include the advantages of the ABR systems 62 and anaerobic filters. These properties are: better resilience to hydraulic and organic 63 shock loadings, longer biomass retention times; lower sludge yields, and the ability to 64 partially separate between the various phases of anaerobic catabolism [6, 9] . The latter 65 causes a shift in bacterial population allowing increased protection against toxic 66 materials and higher resistance to changes in environmental parameters such as pH and 67 temperature. The greatest advantage of this reactor configuration is probably its ability 68 to separate acidogenesis and methanogenesis longitudinally down the reactor, allowing 69 the reactor to behave as a two-phase system without the associated control problems and 70 high costs. 71
Kinetic studies are helpful for reproducing the empirical behaviour of the 72 anaerobic process and understanding the metabolic routes of biodegradation, while 73 simultaneously saving time and money [10] . However, the development of an up-to-74 date model of organic matter anaerobic degradation is complex with considerable 75 difficulties due to the high number of variables affecting the anaerobic system [11, 12] . 76 A model was developed for the anaerobic digestion of a glucose-based medium in 77 an innovative high-rate reactor known as the periodic anaerobic baffled reactor (PABR). 78
In this model, each compartment is considered as two variable volume interacting 79 sections, with constant total volume, one compartment with high solids and the other 80 one with low solid concentrations, with the gas and liquid flows influencing the material 81 flows between the two sections. For the simulation of glucose degradation, the biomass 82 was divided into acidogenic, acetogenic and methanogenic groups of microorganims. 83
The model succeeded in predicting the reactor performance as the organic loading rate 84 was gradually increased [13] . Another kinetic model for predicting the behaviour of the 85 PABR was developed based on batch experiments using glucose as substrate [5] . The 86 PABR may be operated as an upflow anaerobic sludge blanket (UASB) reactor, an ABR 87 or at an intermediate mode. The key assumption of this model was that the hydraulic 88 behaviour of a PABR was equivalent to the behaviour of CSTRs in series as regards the 89 dissolved matter. The model adequately predicted the experimental behaviour of this 90 glucose-fed PABR and was also used to examine the performance of this reactor as a 91 function of the operating conditions, both for constant and varying loading rates. It was 92
shown that the reactor would best be operated as a UASB or an ABR [5] . 93
Another kinetic model was recently developed for explaining the performance of a 94 four-compartment ABR, incorporating granular sludge biomass and operating at 95 different hydraulic retention times (HRT) in the range of 3 to 24 hours using dilute 96 The initial porosity of the beds was 77% and after the immobilization of anaerobic 144 cells they had a similar porosity (65%). Each compartment of the reactor was filled up 145 to 64% of its active volume with the pall packing and equipped with sampling ports that 146 allowed liquid samples to be withdrawn. A peristaltic pump (model "Omega", 147 FPUDVS2000 Series) was used to feed the bioreactor. The reactor was covered with a 148 water jacket keeping the operational temperature at 35ºC ± 0.5 ºC. 149 150
Synthetic wastewater 151
The reactor was fed with synthetic wastewater containing molasses as a carbon 152 source. Synthetic wastewater was used in the present work with the aim of avoiding and 153 minimising variations in wastewater composition between experiments. In addition, real 154 wastewater with the same characteristics is not always available to be used in the 155 laboratory. A fresh batch was made every day by diluting molasses with tap water to 156 achieve the total COD concentration required for each loading rate. The operating conditions studied for the two sets of experiments carried out were 223 selected taking into account the operational conditions evaluated previously in other 224
ABRs treating different wastewaters. 225 226
Analytical methods 227
The total COD concentration was measured by using a semi-micro method [18] . 90.0% and 88.3% were achieved at organic loading rates of 3.0, 4.5, 6.75 and 9.0 kg 252 COD/m 3 day, respectively. A decrease in HRT from 24 h to 16 h had no effect on COD 253 removal efficiency. When HRT decreased to 8 h, COD removal efficiency was still 254 84.7%. The VFA/alkalinity ratio can be used as a measure of process stability [20] : 255 when this ratio is less than 0.3-0.4 (equiv. acetic acid/equiv. CaCO 3 ) the process is 256 considered to be operating favourably without acidification risk. As could be observed 257
the ratio values were lower than the suggested limit value for all HRTs and OLRs 258 studied in the present work, showing the high stability of this reactor for all the 259 operating conditions assessed. Recirculation ratios of 0.5 and 1.0 had no effect on COD 260 removal but other factors such as the volatile fatty acid (VFA) content were affected. 261
The effect of toxic shock was also investigated and results showed that the main 262 advantage of using this bioreactor lies in its compartmentalized structure [9] . 263 
CSTR in series model 320
This model assumes that the HABR is made up of three completely mixed tanks 321 with equal volume and connected in series. As was previously pointed out, the mix in 322 each tank is caused by the airlift effect generated by the produced biogas and circulation 323 of the liquid phase. Assuming that the steady-state conditions are achieved for each 324 reactor and that the substrate degradation follows a first-order kinetics, the following 325 COD balance can be set out: 326 q·S n-1 = q·S n + k·S n ·V (1) 327 where: q is the volumetric flow-rate of the feed or influent; S n is the COD in the 328 bioreactor or tank n; S 0 is the influent or inlet COD; V is the bioreactor volume and k is 329 the kinetic constant of the process. 330
Defining the hydraulic retention time ‫ح‬ as the quotient: ‫ح‬ = V/q and the fractional 331 conversion (X) for any bioreactor (n) by the expression: X n = 1 -(S n /S 0 ), the following 332 three equations can be established for a system with three CSTRs in series: 333
(2) 334
The value of the kinetic constant, k, was determined from the experimental results 337 (Figures 2-4) by mathematical adjustment (non-linear regression) using Mathcad 338 software (version 14) based on the condition that the value of the sum of the squares of 339 the differences between the experimental and theoretical values should be at a 340 minimum. In this way, the value obtained for the kinetic constant, k, with its standard 341 deviation was 0.60 ± 0.07 h -1 . 342
A CSTR in series model was also found to be applicable for studying the 343 hydrodynamic behaviour of a bench-scale horizontal flow anaerobic immobilized 344 sludge (HAIS) reactor filled with porous ceramic spheres (5 mm diameter). This reactor 345 operated at HRTs in the range of 2-7 hours using tracers with different characteristics 346 (bromophenol blue, dextran blue, eosin Y, etc.) ( 
Validation of the CSTR in series model 359
The proposed equations (2-4) were validated by comparing the theoretical curves 360 obtained with the corresponding experimental data of the fractional conversions for the 361 different operational conditions studied. 
Axial diffusion or Dispersion model 385
Assuming steady-state conditions in a bioreactor of length L for which a fluid 386 flows with a constant rate u and the feed is axially mixed with a dispersion coefficient, 387 D, and considering a first-order kinetics for substrate consumption, the following 388 expression can be obtained [21] : 389
where X is the fractional conversion (per one), ‫ح‬ is the hydraulic retention time, z is the 391 non dimensional length (z = l/L) and (D/u·L) is the dispersion coefficient and is equal to 392 the inverse of the Peclet number. 393 Equation (5) can easily be converted into the following equation: 394
where a = [1 + 4·k·‫(ح‬D/(u·L))] 0.5 and k is the kinetic constant of the process. 396
In conclusion, the dispersion model has two parameters which need to be calculated: the 397 kinetic constant (k) and the dispersion coefficient (D). 398
According to the characteristics of this model and the experimental design used in 399 the present study, it is foreseeable that the dispersion model fits the experimental results 400 obtained better than the CSTR in series model. By solving equation (6) 
